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Objective: To elucidate in vivo hip instability by comparing normal hips to hips with acetabular dysplasia
by evaluating three-dimensional (3D) translations of the femoral head center (FHC) at different hip
positions using magnetic resonance imaging (MRI).
Design: Forty normal hips and 22 dysplastic female hips were examined. MRI was performed at four
different positions bilaterally: neutral, 45 of ﬂexion, 15 of extension, and the Patrick position. Femoral
and pelvic bones were separately extracted at the neutral position and superimposed over the images of
each different position using voxel-based registration. The distance between the acetabular center and
FHC at neutral position was deﬁned as 3D-migration. The distance between FHC at neutral position and
that at each different position was deﬁned as 3D-translation. Two-way repeated measures analysis of
variance was performed to consider the dependency between right and left-side data, and multiple
linear regression analyses were performed to assess independent relationships.
Results: The center-edge (CE) angle was the determinant for 3D-migration (b¼0.415, P¼ 0.001), and
there was a statistical signiﬁcant difference in 3D-migration between normal female hips and dysplastic
hips (P¼ 0.047). From neutral to the Patrick position, the FHC of normal and dysplastic hips translated
postero-infero-medially by 1.12 0.39 mm (0.45e1.85 mm) and 1.97 0.84 mm (0.95e4.34 mm),
respectively, and the difference between the groups was statistically signiﬁcant (P¼ 0.005). CE angle was
the determinant for 3D-translation from neutral to the Patrick position (b¼0.730, P< 0.001). The
average root mean square error in 3D-translation was 0.172 mm and 0.193 mm for intra- and interob-
server reproducibility, respectively.
Conclusions: Hip instability was increased in proportion to the severity of acetabular dysplasia. A 3D MRI
voxel-based registration technique can show in vivo morphology and kinematics of the native hip
without exposure to radioactivity.
 2011 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Acetabular dysplasia has been implicated in the development of
secondary osteoarthritis (OA) of the hip1,2. Dysfunction of the hip
secondary to dysplasia could derive from multifactorial problems
including excessive stresses on the articular cartilage3,4 and dynamic
hip instability5,6. An insufﬁcient biomechanical environment of
increasing contact stress for the acetabulum or femoral head due to
reduced contact area has been indicated1,7,8. Concerning hipto: Takashi Sakai, Dept. of
School of Medicine, 2-2
52; Fax: 81-6-6879-3559.
s Research Society International. Pinstability, however, there have been a few in vitro9,10 and in vivo5,11
studies. Studies have evaluated native hip joint kinematics with
accelerometry with skin markers5 and magnetic resonance imaging
(MRI) with surface registration12. Evaluation of dynamic hip insta-
bilitymayelucidate causes of secondaryOA and unveil the etiologyof
primary hip OA.
In the present study, a unique techniquewas developed for direct
in vivomeasurement of human jointmotionusing three-dimensional
(3D) MRI with voxel-based registration13e15. This technique enables
analysis and visualization of hip joint motion. The purpose of the
present study was to determine in vivo 3Dmotion of the normal hip
joint and of hips with acetabular dysplasia by evaluating hip joint
translation, and to validate the evaluation of hip joint translation
using this novel method.ublished by Elsevier Ltd. All rights reserved.
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Patients and study design
Twenty-two volunteers (10 males and 12 females; mean age
30.4 years) without history of hip pain or any hip disease and
13 patients (all females; mean age 31.6 years) who had bilateral or
unilateral dysplastic hips at pre- or early stages of OA (Tönnis grade
1)16 were recruited. Radiographs were not taken in any volun-
teers to minimize exposure to radiation. MRI was carried out in all
individuals and the center-edge (CE) angle on the mid-coronal MR
image was available for comparison17. Criteria for presence of
acetabular dysplasia and enrollment in this study were as follows:
radiological evidence of dysplasia with a CE angle <20 on ante-
roposterior radiographs18; Group I subluxation according to the
classiﬁcation of Crowe et al.19; no radiological evidence of joint
space narrowing; no radiological deformity of the femoral head;
and no previous operation on the hip joint. We also excluded the
individual whose bilateral hips could not be classiﬁed into the same
category (normal or dysplasia) for the precise statistical analysis.
The bilateral hips (four hips) of two female volunteers that
exhibited a CE angle <20 on the mid-coronal MR image were
enrolled as dysplastic hips. Four patients were excluded because of
one unilateral postoperated hip, one unilateral normal hip, and two
unilateral deformed femoral heads with the contralateral normal
hip. Finally, 22 hips were enrolled as dysplastic hips while 40 hips
were normal hips (Table I). The dysplastic hips were dispropor-
tionately all females because in Japan, hip dysplasia is common,
especially in females, and causes approximately 90% of all hip OA20.
This study was approved by the local institutional review board. All
subjects gave informed consent to participate; if the subject was
under 20 years of age, informed consent was obtained both from
the subject and the subject’s parents.
3DMRIwas performedusing aﬂexible surface bodycoil on a 1.5-T
MR system (MAGNETOM Espree, Siemens, Erlangen, Germany). The
following three sequences were preliminarily tried in a healthy hipTable I







Age (years) 29.8 6.8 31.8 7.5 32.9 13.6
Weight (kg) 70.4 7.2y 51.6 7.3 52.9 6.1
Height (m) 1.72 0.05y 1.58 0.04 1.59 0.05
BMI (kg/m2) 23.8 2.1* 20.7 3.0 20.8 1.7
CE angle () 25.0 3.9 27.9 4.6 13.5 5.3**
Femoral head
radius (mm)
24.7 0.8y 21.6 1.0 22.2 1.0
Acetabular sphere
radius (mm)
28.0 0.7y 24.6 1.2 26.5 1.7**
3D-migration (mm) 1.45 0.56 1.35 0.48 1.84 0.74z
3D-migration-x (mm) 0.78 0.39 0.66 0.28 0.62 0.57
3D-migration-y (mm) 0.14 0.57 0.28 0.49 0.64 1.15
3D-migration-z (mm) 0.78 0.86 0.84 0.73 0.86 0.90
3D-MP (%) 2.94 1.16 3.12 1.13 4.15 1.71
3D-MPx (%) 1.58 0.79 1.53 0.66 1.40 1.26
3D-MPy (%) 0.27 1.14 0.66 1.14 1.48 2.63
3D-MPz (%) 1.61 1.75 1.93 1.72 1.96 2.03
Values are mean standard deviation.
The direction of the connecting line between the acetabular center (AC) (the origin)
and the femoral head center (FHC) was divided into a 3D vector, and each value of
the x-, y-, and z-axes element was divided by the diameter of the femoral head, to
produce 3D-MPx (%), 3D-MPy (%), and 3D-MPz (%). Each x-, y-, and z-axes pointed
anteriorly, superiorly, and laterally, respectively.
* P< 0.05 for the comparison between normal male hips and normal female hips.
y P< 0.01 for the comparison between normal male hips and normal female hips.
z P< 0.05 for the comparison between normal female hips and dysplastic hips.
** P< 0.01 for the comparison between normal female hips and dysplastic hips.joint: true fast imaging with steady-state precession (TrueFISP)
[repetition time (TR)/echo time (TE); 4.96/2.13 ms]; fast low-angle
shot (FLASH) (TR/TE; 17.00/9.40 ms); volumetric interpolated breath-
hold sampling (VIBE) with fat saturation (TR/TE; 15.30/6.67 ms). The
TrueFISPwas selected for high image contrast21 and for higher values
of the normalized cross-correlation (NCC)22,23 between the images in
voxel-based registration. Detailed parameters of the 3D TrueFISP
were as follows: TR/TE, 4.96/2.13 ms; ﬂip angle, 28; section thick-
ness, 1.0 mm; in-plane resolution, 1.0 mm; matrix, 384 384;
imaging direction, coronal. Imaging time was 3 min 26 s [Fig. 1].
Subjects were placed in a supine position and each hip was
maintained in the center of the magnet bore at all positions. Images
were made with the hip in four different positions bilaterally using
a non-magnetic movable device made from non-ferromagnetic
materials with Velcro tape: neutral, 45 of ﬂexion, 15 of extension,
and the Patrick position24 which was 50 of ﬂexion, 40 of abduc-
tion, and 60 of external rotation. Thus, MR images were acquired
four times per hip joint [Fig. 2].
Data were saved in a standard digital imaging and communi-
cations in medicine (DICOM) format and imported into the Virtual
Place-M software (Medical Imaging Laboratory, Tokyo, Japan) on
a Dell Precision T3400 workstation (Dell Inc., Round Rock, TX) for
segmentation and voxel-based registration. The systemwas run on
an Intel Core2 Duo computer, 3.0 GHz, 2.0 Gb RAM, underWindows
XP Professional edition. All data were analyzed by an author (KA).
Segmentation and 3D surface model creation
MR images were represented as a series of two-dimensional
images in sagittal, coronal, and axial directions. For each slice at
neutral position, both the hemipelvis and proximal femur were
separately extracted semi-automatically fromMR images using the
Virtual Place-M software; this process was called “segmentation”.
The articular cartilage was not segmented.
For each subject, the 3D surface bone model was reconstructed
from the segmented area of MR images using the Marching Cubes
algorithm of the Visualization Toolkit (VTK) (Kitware Inc., New
York, NY), which created triangle models of constant density
surfaces from 3D MR images25. The algorithm uses a case table of
edge intersections to describe how a surface cuts through each cube
in a 3D data set. The mean model error of this method has been
reported to be 3.92%26. The surface model was saved in VTK format
and visualized using original software with all programs written in
Visual Cþþ (Orthopedics Viewer; Osaka University, Suita, Japan)27.
Voxel-based registration
Voxel-based registration, a method for determining relative
positions between volumetric images at different coordinates,
was performed using the Virtual Place-M software. Each
segmented image was registered to its mate by maximizing the
NCC13,22,23, which is a measure of the correlation, as
follows:NCC ¼ PðI1  I1ÞðI2  I2Þ=ð
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃPðI1  I1Þ2
q ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃPðI2  I2Þ2
q
Þ,
where I1 and I2 are the voxel intensities of the ﬂoating and
reference images, respectively; I1 and I2 are the mean voxel
intensities of the ﬂoating and reference images, respectively; and
the calculations include all voxels within the segmented region.
All registrations were rigid body with six degree of freedom,
trilinear interpolation creating isotropic voxels (1.01.01.0 mm),
and a multiresolution approach from low to high resolution. At low
resolution, both images were resampled at 1/2 number of voxels
along each linear dimension. The initial search interval (step size)
was 5 and 5 voxels corresponding to 10, or 5 mm for
resolutions of 1/2, or full voxels, respectively. The step size was
Fig. 1. Representative magnetic resonance images using TrueFISP (TR/TE, 4.96/2.13 ms; ﬂip angle, 28; section thickness, 1.0 mm; in-plane resolution, 1.0 mm; matrix, 384 384;
imaging direction, coronal). (a) A right normal female hip. (b) A right dysplastic hip.
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each resolution level. An iterative search was performed at each
step size to vary the six rigid-body transformation parameters,
settingmaximumnumber of iterations at eight. The iterative search
at each step size ended either when the maximum number of
iterations was reached or the fractional change in NCC was smaller
than 0.001. The steepest-descent method was used for optimiza-
tion28. Accuracy of the voxel-based registration has been reported
to be <0.52 mm in translation and 0.43 in rotation13. The mean
computation time for the registration was 1 min 58 s for the femur
and 1 min 38 s for the pelvis.Fig. 2. Data acquisition of MRI using a non-magnetic movable device made from non-ferromMotion analysis and deﬁnition of the local coordinate system
Let Mp¼ [CSp, Cp] and Mf¼ [CSf, Cf] be the coordinate system of
the pelvis and femur at the neutral position, respectively (CSp and
CSf are 3 3 rotationmatrices and Cp and Cf are translation vectors).
Let Tp¼ [Rp, tp] and Tf¼ [Rf, tf] be the rigid transformation applied to
the pelvis and femur, respectively (Rp and Rf denote rotations while
tp and tf denote translations). The hip joint transform is given by the
matrix Tpf¼Mp1Tp1TfMf¼ [Rpf, tpf] (Rpf, tpf represent joint rota-
tions and translations, respectively). This matrix can be converted
to the three standard joint angles and shifts12,29.agnetic materials. (a), (b) 45 ﬂexion; (c), (d) 15 extension; (e), (f) The Patrick position.
Fig. 3. Acetabular sphere and femoral head sphere. (a) 300 points were plotted on the subchondral bone of the acetabular lunate surface, and then the acetabular sphere was
created automatically. (b) 300 points were plotted on the subchondral bone of the femoral head surface (except the fovea), and then the femoral head sphere was produced
automatically.
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(except the fovea) and of the acetabular lunate, 300 points were
plotted to create the femoral head sphere and the acetabular
sphere, respectively, with a least-square ﬁtting of a sphere to a set
of 300 points Pi given by the minimization of
P
i300ðkPiCk  rÞ2
where C is the center of the femoral head sphere, femoral head
center (FHC), or the center of the acetabular sphere, acetabular
center (AC), and r is the radius of the sphere [Fig. 3]12.
The distance between the AC and FHC at the neutral positionwas
named 3D-migration, with the origin deﬁned as the AC [Fig. 4].Fig. 4. 3D-migration in a right dysplastic hip. The distance between the yellow center of
calculated as the 3D-migration, and the origin was deﬁned as the AC. The direction of the
element pointing anteriorly, superiorly, and laterally, respectively. (a) Coronal plane view (The distance between the FHC at the neutral position and at each
other positionwas named 3D-translation, with the origin deﬁned as
the FHC at the neutral position [Fig. 5]. 3D-migration and 3D-trans-
lation divided by the femoral head diameter were deﬁned as the
3D-migration percentage (3D-MP) and 3D-translation percentage
(3D-TP), respectively. The 3D direction of each connecting line
between the AC and FHC or between the FHC at the neutral position
and the FHC at each different position was evaluated [Figs. 4 and 5].
The x-, y- and z-axes were deﬁned as orientation in the slice-
encoding, phase-encoding, and frequency-encoding directions,the acetabular sphere AC and the pink center of the femoral head sphere FHC was
connecting line is divided into 3D vector, x-axis element, y-axis element, and z-axis
YZ plane). (b) Sagittal plane view (XY plane).
Fig. 5. 3D-translation from neutral to the Patrick position in a right dysplastic hip. The distance between the center of the femoral head sphere FHC at the neutral position and the
FHC at the Patrick position was calculated as the 3D-translation from neutral to the Patrick position, with the origin deﬁned as the FHC at the neutral position. The direction of the
connecting line was divided into 3D vector with the x-axis, y-axis, and z-axis elements pointing anteriorly, superiorly, and laterally, respectively. (a) Coronal plane view (YZ plane).
(b) Sagittal plane view (XY plane).
Fig. 6. The vectors of 3D-translation from neutral to 45 ﬂexion. The x-axis, y-axis, and z-axis points anteriorly, superiorly, and laterally, respectively. Bird’s-eye, coronal plane
(YZ plane), and sagittal plane (XY plane) views are shown in (a) normal male hips, (b) normal female hips, and (c) dysplastic hips. The color scale is in millimeters.
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respectively. For simpliﬁcation of the coordinate system, images of
left hips were converted to their mirror images (right hips) by
mirroring with respect to the mid-sagittal plane of the body.
Reproducibility test
To assess reproducibility, four healthy right hips (one male
and three female subjects) were scanned using the same MRI
protocol on two consecutive days. All MR data were segmented,
registered, and analyzed twice by two authors (KA and JK)
independently for intra- and interobserver reproducibilities.
Data analysis sessions were performed with an interval of longer
than a week. For each measurement of reproducibility, four-way
comparisons between the two different days were performed for
each parameter.
Statistical analysis
Because the gender-related comparisons are statistically and
clinically independent of the comparisons between the normal
female and the dysplastic patient, two-way repeated measures
analysis of variance (RMANOVA)was performed in each comparison,
with a split-plot design with the study group (normal male vs
normal female, or normal female vs dysplasia) as the variable
between groups and laterality as the variable within groups to
consider the dependency between right and left-side data30,31.Fig. 7. The vectors of 3D-translation from neutral to 15 extension. The x-axis, y-axis, and z
(YZ plane), and sagittal plane (XY plane) views are shown in (a) normal male hips, (b) norLinear regression analyses were performed in each hip position
for the following parameters: age, bodymass index (BMI), CE angle,
femoral head radius, acetabular sphere radius, 3D-migration,
3D-translation, 3D-MP, and 3D-TP.
Multiple linear regression analyses were performed to assess
independent relationships with 3D-migration and 3D-translation
in 45 ﬂexion, 15 extension, or the Patrick position as dependent
variables, and age, sex, laterality, BMI, CE angle, femoral head
radius, acetabular head radius, and 3D-migration as the explana-
tory variables. The selection criterion of variables for inclusion was
forward-stepwise with an entrance criterion of P< 0.05 and an exit
criterion of P> 0.10. The results of the model were presented using
adjusted R2. The variables in the ﬁnal model were centralized to
adjust for possible multicolinearity.
For each reproducibility measurement, intraclass correlation
coefﬁcients (ICC), the root mean square error (RMSE) and the mean
error of measurement were assessed.
Statistical analyses were conducted using SPSS for Windows
(version 19.0; IBM, Armonk, NY) and statistical signiﬁcance was
accepted for P values of <0.05.
Results
The standard deviation of the distance from the FHC to the 300
points on the bony surface of the femoral head was 0.36 0.04 mm
for normal male hips, 0.38 0.04 mm for normal female hips, and
0.37 0.05 mm for dysplastic hips. There were no statistical-axis points anteriorly, superiorly, and laterally, respectively. Bird’s-eye, coronal plane
mal female hips, and (c) dysplastic hips. The color scale is in millimeters.
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head between normal male hips and normal female hips (P¼ 0.248),
or between normal female hips and dysplastic hips (P¼ 0.760).
The mean 3D-migration was 1.45 mm (range; 0.58e2.87 mm)
for normal male hips, 1.35 mm (range; 0.65e2.41 mm) for normal
female hips, and 1.84 mm (range; 0.38e3.55 mm) for dysplastic
hips (Table I). Comparing normal female hips with normal male
hips, there were statistical signiﬁcant differences in weight, height,
BMI, femoral head and acetabular sphere radius. Comparing normal
female hips with dysplastic hips, there were statistical signiﬁcant
differences in CE angle (P< 0.001), acetabular sphere radius
(P¼ 0.006), and 3D-migration (P¼ 0.047). Dysplastic hips tended to
exhibit larger 3D-migration toward the superior direction than
normal female hips.
The FHC tended to translate antero-inferiorly from neutral to 45
ﬂexion [Fig. 6], anteriorly from neutral to 15 extension [Fig. 7], and
postero-infero-medially from neutral to the Patrick position [Fig. 8]
(Table II). The mean 3D-translation from neutral to 45 ﬂexion was
1.27 mm (range; 0.45e1.91 mm) for normal male hips, 1.10 mm
(range; 0.60e1.89 mm) for normal female hips, and 1.30 mm (range;
0.76e2.39 mm) for dysplastic hips [Fig. 6]. The mean 3D-translation
from neutral to 15 extension was 0.61 mm (range; 0.24e0.98 mm)
for normal male hips, 0.86 mm (range; 0.35e1.61 mm) for normal
female hips, and 0.85 mm (range; 0.34e1.72 mm) for dysplastic hips
[Fig. 7]. The mean 3D-translation from neutral to the Patrick position
was 1.17 mm (range; 0.67e1.62 mm) for normal male hips, 1.12 mmFig. 8. The vectors of 3D-translation from neutral to the Patrick position. The x-axis, y-axis
plane (YZ plane), and sagittal plane (XY plane) views are shown in (a) normal male hips, ((range; 0.45e1.85 mm) for normal female hips, and 1.97 mm (range;
0.95e4.34 mm) for dysplastic hips [Fig. 8]. Comparing normal female
hipswith dysplastic hips, therewere statistical signiﬁcant differences
in 3D-translation (P¼ 0.005), 3D-translation-y (P¼ 0.011),
3D-translation-z (P¼ 0.018), 3D-TP (P¼ 0.004), 3D-TPy (P¼ 0.012)
and 3D-TPz (P¼ 0.018) from neutral to the Patrick position [Fig. 8].
There was no correlation between clinical/morphological
parameters and 3D-migration/3D-MP (Table III). From neutral to
the Patrick position, strong negative correlations for dysplastic hips
were found between CE angle and 3D-translation (P< 0.001;
r¼0.851), and between CE angle and 3D-TP (P< 0.001;
r¼0.835) (Table IV). There was no correlation between CE angle
and 3D-translation (P¼ 0.430; r¼0.187) or between CE angle and
3D-TP (P¼ 0.621; r¼0.118) in normal female hips.
In multiple linear regression analyses, 3D-migration was nega-
tively correlatedwith CE angle independently (b¼0.415, P¼ 0.001)
(Table V). 3D-translation from neutral to 45 ﬂexion was indepen-
dently correlated with acetabular sphere radius (b¼ 0.283,
P¼ 0.012). 3D-translation from neutral to 15 extension was inde-
pendently correlated with sex (b¼ 0.560, P< 0.001) and BMI
(b¼ 0.438, P¼ 0.002). CE anglemost strongly explained the variation
of 3D-translation from neutral to the Patrick position (b¼0.730,
P< 0.001).
For intraobserver reproducibility, the mean ICC and mean RMSE
were 0.893 and 0.172 mm for the 3D-translation value, respectively,
and 0.926 and 0.199 mm for the 3D-translation vector (x, y, z),, and z-axis points anteriorly, superiorly, and laterally, respectively. Bird’s-eye, coronal
b) normal female hips, and (c) dysplastic hips. The color scale is in millimeters.
Table II







From neutral to 45 ﬂexion
3D-translation (mm) 1.27 0.36 1.10 0.31 1.30 0.41
3D-translation-x (mm) 1.11 0.41 0.92 0.33 0.54 0.70
3D-translation-y (mm) 0.46 0.32 0.53 0.19 0.78 0.26**
3D-translation-z (mm) 0.01 0.15 0.10 0.18 0.50 0.38**
3D-TP (%) 2.56 0.74 2.53 0.65 2.91 0.87
3D-TPx (%) 2.25 0.84 2.12 0.68 1.20 1.54z
3D-TPy (%) 0.93 0.64 1.22 0.43 1.77 0.59**
3D-TPz (%) 0.02 0.31 0.22 0.40 1.14 0.86**
From neutral to 15extension
3D-translation (mm) 0.61 0.20* 0.86 0.34 0.85 0.34
3D-translation-x (mm) 0.23 0.45 0.57 0.48 0.62 0.47
3D-translation-y (mm) 0.21 0.27 0.29 0.43 0.27 0.34
3D-translation-z (mm) 0.18 0.17 0.15 0.17 0.06 0.24
3D-TP (%) 1.25 0.42y 1.98 0.78 1.90 0.75
3D-TPx (%) 0.46 0.92* 1.32 1.11 1.39 1.05
3D-TPy (%) 0.43 0.54 0.66 0.97 0.61 0.75
3D-TPz (%) 0.37 0.33 0.34 0.40 0.14 0.53
From neutral to the Patrick position
3D-translation (mm) 1.17 0.30 1.12 0.39 1.97 0.84**
3D-translation-x (mm) 0.38 0.40 0.26 0.56 0.44 0.63
3D-translation-y (mm) 0.41 0.41 0.56 0.34 1.04 0.51**
3D-translation-z (mm) 0.86 0.31 0.68 0.40 1.40 0.85**
3D-TP (%) 2.37 0.60 2.58 0.86 4.41 1.81**
3D-TPx (%) 0.76 0.79 0.60 1.27 0.97 1.36
3D-TPy (%) 0.85 0.84 1.29 0.79 2.33 1.10**
3D-TPz (%) 1.73 0.63 1.55 0.91 3.15 1.86**
Values are mean standard deviation.
The direction of the connecting line between the FHC at the neutral position
(the origin) and that at each other position was divided into a 3D vector, and each
value of the x, y, and z-axis element was divided by the diameter of the femoral
head, to produce 3D-TPx (%), 3D-TPy (%), and 3D-TPz (%). Each x, y, and z-axis
pointed anteriorly, superiorly, and laterally, respectively.
* P< 0.05 for the comparison between normal male hips and normal female hips.
y P< 0.01 for the comparison between normal male hips and normal female hips.
z P< 0.05 for the comparison between normal female hips and dysplastic hips.
** P< 0.01 for the comparison between normal female hips and dysplastic hips.
Table III








Age 0.000 0.113 0.259
BMI 0.321 0.127 0.067
CE angle 0.206 0.031 0.349
Femoral head radius 0.044 0.074 0.127
Acetabular sphere radius 0.255 0.381 0.348
3D-MP
Age 0.019 0.086 0.324
BMI 0.289 0.112 0.107
CE angle 0.200 0.026 0.293
Femoral head radius 0.106 0.067 0.252
Acetabular sphere radius 0.203 0.262 0.243
There was no signiﬁcant correlation at P< 0.05.
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server reproducibility, the ICC and the RMSE were 0.866 and
0.193 mm, respectively, and for the 3D-translation vector (x, y, z)
the mean ICC and the mean RMSE were 0.921 and 0.209 mm,
respectively.
Discussion
This study analyzed 3D morphology and 3D motions of the in
vivo native hip with a non-invasive method using 3D MRI voxel-
based registration technique. The present method had high
reproducibility for evaluation of 3D-translation of the hip joint.
Developmental hip dysplasia shows acetabular coverage deﬁ-
ciency on a standard radiograph, and has been considered to have
a tendency toward anterolateral migration of the femoral head32.
However, there have been few investigations concerning the 3D
distance between AC and FHC, namely 3D-migration in the present
study. In computed tomography (CT)-based surface models, Murphy
et al.7 reported 3D-migration to be 4.72.5 mm for dysplastic hips,
1.51.1 mm for normal female hips, and 0.9 0.3 mm for all normal
hips. These results indicated the tendency that normal female hips
have more 3D-migration than normal male hips. Pienkowski et al.33
deﬁned 3D-migration as joint incongruity and reported 3D-migra-
tion to be 3.01.3 mm for LeggeCalvéePerthes disease and
1.2 0.5 mm for 10 normal male hips using MRI-based surface
models. In these two studies, however, there was no information
about the direction of 3D-migration. Although Gose et al.34 reported
that the FHC was located posteriorly, superiorly, and laterallycompared with the AC in 123 (82%) of 150 cerebral palsy hips using
CT-based surface models, there have been no publications regarding
the direction of 3D-migration in dysplastic hipswithout spasticity. In
the present study, CE angle was the determinant for 3D-migration
(b¼0.415, P¼ 0.001), and there was a statistical signiﬁcant differ-
ence in 3D-migration between normal female hips and dysplastic
hips (P¼ 0.047). The FHC in the dysplastic hips tended to migrate
superiorly. However, there were no statistical signiﬁcant differences
between the normal female hips and the dysplastic hips in 3D-
migration-x/3D-MPx or 3D-migration-z/3D-MPz in the ante-
roposterior or mediolateral directions, respectively. This lack of
differences may be attributed to the study design: all dysplastic hips
in the present study were pre-OA or in the early stages. Further
longitudinal 3Dmorphological analysis of dysplastic hips may reveal
that the FHC of dysplastic hips migrates anteriorly and laterally at
more advanced stages of OA.
There has been only one kinematic study regarding the hip joint
center translation of the in vivo native hip12. In a MRI study based on
a surface registration technique of extreme ﬂexion of the hip in
female professional dancers, Gilles et al. reported a mean translation
of 2.12 0.79 mm (0.57e4.10 mm) without evaluation of the trans-
lation direction12. In the present study, the FHC tended to translate
antero-inferiorly from neutral to 45 ﬂexion, anteriorly from neutral
to 15 extension and postero-infero-medially from neutral to the
Patrick position.
An interestingﬁnding of the present studywas that the dysplastic
hip translated signiﬁcantly further than the normal female hip from
neutral to the Patrick position. Another interesting ﬁnding was that
there was a signiﬁcant correlation between the 3D-translation and
themorphological data, and the CE angle of dysplastic hips exhibited
the strongest correlationwith the 3D-translation from neutral to the
Patrick position (P< 0.001; r¼0.851). The CE angle and
3D-translation in normal female hips were not correlated (P¼ 0.430;
r¼0.187). The multiple linear regression analyses also revealed
that CE angle is the major determinant for 3D-translation from
neutral to the Patrick position (b¼0.730, P< 0.001). These results
may indicate that hip instability is increased with decreasing CE
angle <20. Using skin marker accelerometry, Maeyama et al.5
reported hip joint acceleration during the gait cycle was signiﬁ-
cantly larger in dysplastic than in normal hips. They also reported
that the magnitude of acceleration signiﬁcantly correlated with the
CE angle (r¼0.732), in agreement with the present results.
The present study also conﬁrmed the ﬁndings of Maeyama et al. that
the CE angle can predict hip joint instability5.
It is also interesting that the FHC translated postero-infero-
medially from neutral to the Patrick position. There have been a few
reports that the femoral head translates anteriorly9,35. There have
Table IV
Linear correlation coefﬁcients compared with 3D-translation and 3D-TP
Normal male hips (N¼ 20) Normal female hips (N¼ 20) Dysplastic hips (N¼ 22)
3D-translation 3D-TP 3D-translation 3D-TP 3D-translation 3D-TP
From neutral to 45 ﬂexion
Age 0.508* 0.484* 0.250 0.297 0.393 0.337
BMI 0.093 0.140 0.178 0.174 0.104 0.064
CE angle 0.157 0.160 0.397 0.323 0.509* 0.482*
Femoral head radius 0.118 0.021 0.595** 0.468* 0.375 0.260
Acetabular sphere radius 0.071 0.007 0.656** 0.558* 0.475* 0.403
3D-migration 0.285 0.294 0.167 0.174 0.443* 0.482*
3D-MP 0.277 0.292 0.089 0.115 0.377 0.430*
From neutral to 15 extension
Age 0.164 0.143 0.520* 0.531* 0.400 0.338
BMI 0.335 0.366 0.508* 0.536* 0.619** 0.592**
CE angle 0.018 0.021 0.298 0.246 0.178 0.153
Femoral head radius 0.119 0.195 0.267 0.157 0.155 0.065
Acetabular sphere radius 0.416 0472* 0.358 0.260 0.367 0.310
3D-migration 0.079 0.076 0.092 0.085 0.100 0.122
3D-MP 0.070 0.062 0.054 0.063 0.080 0.113
From neutral to the Patrick position
Age 0.227 0.196 0.146 0.168 0.171 0.114
BMI 0.311 0.376 0.177 0.183 0.344 0.329
CE angle 0.102 0.103 0.187 0.118 0.851*** 0.835***
Femoral head radius 0.147 0.016 0.488* 0.369 0.238 0.152
Acetabular sphere radius 0.205 0.099 0.544* 0.447* 0.639** 0.583**
3D-migration 0.238 0.239 0.252 0.260 0.247 0.264
3D-MP 0.247 0.239 0.189 0.214 0.203 0.230
*P< 0.05; **P< 0.01; ***P< 0.001.
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orly or medially; such translation may cause posteroinferior or
posterior lesions in the acetabulum. In femoroacetabular impinge-
ment, theﬁrst structure to fail could be the anterosuperior acetabular
labrum36,37. Persistent anterosuperior abutment with chronic
leverage of the head in the acetabulummay result in chondral injury
in the posteroinferior acetabulum36,37. However, themechanism that
causes the sole posteroinferior or posterior labral or chondral lesion
has not been elucidated, and could be shearing force or the direct
contact causes the posterior or posteroinferior lesion in the Patrick
position (ﬂexion, abduction and external rotation). This studywas the
ﬁrst to investigate the kinematics of the in vivo native hip in the
Patrick position. The majority of labral or chondral lesions have been
reported to be located at the anterior acetabulum. A sole posterior or
posteroinferior lesion was reported in 4e7% of patients in an
arthroscopic study38 and in 5e9% of patients in surgical and MRI
studies39,40. Hip kinematics in the Patrick position in the present
study may be demonstrative of these lesions.
As a cause of translation of the FHC, the difference of curvature
between the femoral head and acetabulum should be considered.Table V
Determinants of 3D-migration and 3D-translation from neutral to 45 ﬂexion, 15 exten
Adjusted R2 3D-migration 3D-translation from
to 45 ﬂexion
0.199 0.347
B b P B b
Age 0.014 0.370
Sex (female)
Laterality 0.317 0.252 0.032
BMI
CE angle 0.034 0.415 0.001
Femoral head radius
Acetabular sphere radius 0.055 0.283
3D-migration 0.198 0.340
R2, coefﬁcient of determination; B, unstandardized regression coefﬁcient; b, standardize
Stepwise multiple linear regression analyses were used.The hip joint has traditionally been considered to be a ball and socket
joint, which means the surfaces of the acetabulum and femoral head
are congruent in any position41. However, it has been reported that
both the acetabulum and the femoral head are not simply
spherical42e44, which would cause joint translations during normal
hipmovement. In the present study, subjectswith deformed femoral
heads were excluded, and there were no signiﬁcant differences in
the spherical geometry of the femoral head between normal hips
and dysplastic hips. To our knowledge, however, the curvature of the
acetabular cartilage surface in dysplasia has not been clariﬁed. In
order to elucidate the mechanism of hip joint translation,
a comparison of the curvature of the acetabular cartilage surface in
normal hips to dysplastic hips may be required.
As a second factor concerning femoral head translation, a few in
vitro studies supported the concept that soft tissue damage around
thehip (for example, the capsule, ligaments, and labrum)predisposes
the hip joint to instability9,10. Crawford et al. concluded that the
in vitro condition of loss of the labral seal is a critical event that leads
to destabilization of the hip9. Because it is a commonly held view that
labral tears of the acetabulum are caused by bony acetabularsion, and the Patrick position in all hips (N¼ 62)
neutral 3D-translation from neutral
to 15 extension
3D-translation from neutral
to the Patrick position
0.331 0.526
P B b P B b P






d partial regression coefﬁcient.
Table VI
Intra- and interobserver reproducibilities
Parameter ICC RMSE (mm) Mean error of
measurement (mm)
Observer 1
3D-translation 0.912 0.151 0.046 0.042
3D-translation-x 0.959 0.218 0.088 0.058
3D-translation-y 0.961 0.147 0.025 0.043
3D-translation-z 0.856 0.221 0.032 0.064
Observer 2
3D-translation 0.874 0.192 0.059 0.054
3D-translation-x 0.937 0.242 0.076 0.068
3D-translation-y 0.953 0.162 0.017 0.047
3D-translation-z 0.887 0.202 0.014 0.059
Interobserver
3D-translation 0.866 0.193 0.052 0.055
3D-translation-x 0.936 0.258 0.082 0.072
3D-translation-y 0.956 0.157 0.021 0.046
3D-translation-z 0.871 0.212 0.023 0.062
RMSE, root mean square error of difference.
Values are including 95% conﬁdence intervals of the mean error of measurement.
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decreasing CE angle are reasonable.
The possibility of the existence of an asymptomatic labral tear has
been reported in morphologically normal hips of young volunteers,
indicated by high signal intensity within the labrum with MRI46,47.
Several investigators have also reported absent labrum in 2.5e14% of
asymptomatic hips using MRI46e49. In the present study, there were
several normal hips that exhibited a large amount of translation.
Although these subjects may have had labral tear or absent labrum,
the labral disorder could not be assessed using the modality of the
current study. Further investigation into the relations between labral
tears and hip translation may be required to clarify the patho-
mechanisms of hip changes before occurrence of symptoms and
involvement of articular cartilage at an early phase of OA. In the
future, using this technique in a longitudinal study, it may be evalu-
ated whether instability causes disease progression not only in the
dysplastic hip but also in the morphologically normal hip, particu-
larly in primary OA.
There are two potential limitations in the present study. First, the
study was based on static 3D MRI views of the hip at different posi-
tions, and the study included a limited number of hips. The static
measurements could not evaluate any inertial or functional effects
thatmight occur during activities of daily life. It would be reasonable
to performdynamic studies to supplement theﬁndings of the current
static study. Second, the 1 mm isotropic voxel may be low resolution
for an accurate FHC location. Although obtaining MR images with
high resolution is an effective way of minimizing volume-averaging
effects, the present resolutionwasprobably theminimal requirement
for acquiring images with sufﬁcient signal-to-noise ratio, using
current MR equipment, and it was difﬁcult for the patients to spend
more time for MRI scanning. Nevertheless, because the RMSE for
3D-translationwaswithin 0.2 mm,we concluded that the evaluation
of hip joint translation using this novel method was validated.
In conclusion, the present study showed that the FHC translates
postero-infero-medially from neutral to the Patrick position, and
there is a signiﬁcant strong negative correlation between the CE
angle and 3D-translation from neutral to the Patrick position. These
ﬁndings suggest that hip instability is increased in proportion to the
severity of dysplasia. This new MRI technique obtained new infor-
mation on the kinematics of the in vivo native hip without sub-
jecting the participants to radioactive exposure. Hopefully this new
information on the kinematics of the hip jointwill assist clinicians in
obtaining a better understanding of the hip joint and some of its
disorders. Additionally, the present technique has a number of otherpotential applications. For example, 3D-translation from neutral to
the Patrick position associated with hip joint stability or instability
as a result of joint preserving surgery such as osteotomy and labral
repair or with disease progression in OA could be studied. With
further development, this technique may be useful in investigating
3D-translation of the hip with femoroacetabular impingement.
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